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Th i s  r e p o r t  rev iews  t h e  progress  made on development o f  a r egene ra -  
t i v e  hydrogen-oxygen f u e l  c e l l  u n d e r  NASA C o n t r a c t  3-2781 d u r i n g  t h e  
pe r iod  o f  1 J u l y  through 1 October 1965. The program o b j e c t i v e  i s  t h e  
development o f  a n  e l e c t r o l y t i c a l l y  r e g e n e r a t i v e  hydrogen oxygen f u e l  
c e l l  t h a t  w i l l  be  s u p e r i o r  i n  performance t o  c u r r e n t l y  a v a i l a b l e  
r echa rgeab le  b a t t e r i e s .  The device under development c o n s i s t s  o f  a 
c e l l  s t ack  t h a t  i s  u t i l i z e d  a s  a n  e l e c t r o l y z e r  d u r i n g  charge  p e r i o d s ,  
and  as  a f u e l  c e l l  d u r i n g  d ischarge  p e r i o d s .  I n t e g r a l  g a s  s t o r a g e  
t a n k s  a r e  used t o  c o n t a i n  the hydrogen and oxygen gas  gene ra t ed  
d u r i n g  charge .  Such a d e v i c e  o f f e r s  advantages  i n  t h e  area o f  wat t  
hour s  pe r  l b .  , h igh  ambient  temperature  o p e r a t i o n ,  and g r e a t e r  c y c l e  
l i f e  than  t h a t  which can  be  obta ined  f r o a  e x i s t i n g  secondary b a t t e r i e s .  
A two phase program i s  be ing  conducted. Phase 1 c o n s i s t e d  o f  t h e  
d e s i g n ,  development and t e s t i n g  of a nominal 75 w a t t ,  44 wat t  h o u r ,  
6 c e l l  u n i t  t o  demonst ra te  t h e  f e a s i b i l i t y  o f  a m u l t i - c e l l  r e g e n e r a t i v e  
dev ice .  Th i s  phase h a s  been completed.  Phase 2 c o n s i s t s  o f  t h e  d e s i g n  
and development of  a 500 wat t  600 wat t  hour ,  34 c e l l  u n i t  of  minimum 
weight  f o r  e v a l u a t i o n  as  a f l i g h t  p ro to type .  
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2. SUMMARY 
D u r i n g  t h i s  q u a r t e r ,  t he  28 v o l t  600 watt h o u r ,  34 c e l l  u n i t  was 
e l e c t r i c a l l y  and mechanica l ly  t e s t e d .  I n  a d d i t i o n ,  13 s i n g l e  c e l l  
t e s t s  were made t o  e v a l u a t e  e l e c t r o d e - a s b e s t o s  v a r i a t i o n s .  The 34 
c e l l  500 wa t t  u n i t  demonstrated e l e c t r i c a l  performance c h a r a c t e r i s t i c s  
which w e l l  exceeded t h e  nominal des ign  power l e v e l s .  Power l e v e l s  t o  
1300 ,wa t t s  a t  25 v o l t s  were achieved .  E l e c t r o d e  d e g r a d a t i o n ,  s i m i l a r  
t o  t h a t  shown i n  s i n g l e  c e l l  tes ts ,  was noted upon cont inued  c y c l i n g .  
Capac i ty  tes ts ,  us ing  a s imula ted  Voyager Lander power p r o f i l e ,  were 
made and  700 watt hour s  achieved .  
A s  a r e s u l t  of e l e c t r o d e  and a s b e s t o s  d e g r a d a t i o n  problems 
uncovered du r ing  s i n g l e  and m u l t i c e l l  t e s t i n g ,  a n  a d d i t i o n a l  t a s k  has 
been inco rpora t ed  i n  t h e  program. Th i s  t a s k  i s  e s s e n t i a l l y  t o  
i n v e s t i g a t e  the  e f f e c t s  of  c y c l i n g  on a s b e s t o s  matrices and t o  e v a l u a t e  
techniques  f o r  improving e l e c t r o d e  c y c l e  l i f e .  The i n v e s t i g a t i o n  w i l l  
be c a r r i e d  o u t  i n  both  s i n g l e  and m u l t i - c e l l  test r i g s .  
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3 TECHNICAL DISCUSSION 
3.1 S i n g l e  C e l l  T e s t s  
T h i r t e e n  s i n g l e  c e l l  t e s t s  were conducted d u r i n g  t h i s  p e r i o d  
t o  e v a l u a t e  t h e  performance of  v a r i o u s  e l e c t r o d e  s t r u c t u r e s .  The d a t a  
i s  summarized i n  Table  1. Cel l  number 85  c o n t a i n e d  EOS s t a n d a r d  
c a t a l y z e d  porous n i c k e l  p laques  a s  t h e  oxygen and  hydrogen e l e c t r o d e s .  
The a s b e s t o s  m a t  was made up of  two l a y e r s  o f  0.030" t h i c k  material i n  
between which was p laced  a mercuric o x i d e  r e f e r e n c e  e l e c t r o d e .  The 
r e f e r e n c e  e l e c t r o d e  c o n s i s t e d  o f  a n i c k e l  s c r e e n  on which mercur ic  
o x i d e  powder was pressed .  The screen had a s p o t  welded n i c k e l  w i r e  on 
one end t h a t  was fed o u t  t h e  c e l l  through t h e  i n s u l a t i n g  spacer .  The 
r e f e r e n c e  e l e c t r o d e  was inc luded  w i t h i n  t h e  c e l l  t o  d e t e r m i n e  which 
e l e c t r o d e  degrades  performance due t o  d r y i n g  o u t  o r  f l o o d i n g  o f  t h e  
c e l l .  F i g u r e  1 shows t y p i c a l  performance o f  t h e  c e l l .  The c u r v e s  
show a c t u a l  v o l t a g e  measured between t h e  r e f e r e n c e  e l e c t r o d e ,  and t h e  
working e l e c t r o d e s .  These measurements i n c l u d e  I R  drop.  However,due 
t o  the geometr ic  l o c a t i o n  o f  t h e  r e f e r e n c e  e l e c t r o d e ,  h a l f  t h e  I R  drop  
can be cons idered  t o  be inc luded  i n  t h e  oxygen e l e c t r o d e  v o l t a g e ,  and 
t h e  o t h e r  h a l f  i n  t h e  hydrogen e l e c t r o d e  v o l t a g e .  T y p i c a l  t o t a l  
c e l l  impedance was found t o  be 0.005 ohms. A s  shown a t  t h e  end o f  
d i s c h a r g e ,  a s u b s t a n t i a l  f a l l - o f f  i n  performance of t h e  oxygen e l e c t r o d e  
i s  encountered.  It was n e c e s s a r y  t o  ex tend  t h e  d i s c h a r g e  d u r a t i o n  
beyond our  normal 3 5  minute  d ischarge  p e r i o d  t o  g e t  t h e  extreme e f f e c t  
o f  oxygen e l e c t r o d e  f looding .  
f u n c t i o n  of  d i s c h a r g e  c u r r e n t  on t h e  same s i n g l e  c e l l  i n c l u d i n g  t h e  
r e f e r e n c e  e l e c t r o d e .  
oxygen e l e c t r o d e  r e p r e s e n t s  t h e  major POlar iZat ion  l o s s  o f  t o t a l  c e l l  
performance.  
Figure 2 shows p o l a r i z a t i o n  s c a n s  a s  a 
A s  can be seen on both  charge  and d i s c h a r g e ,  t h e  
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C e l l  number 86 c o n s i s t e d  of  a n  oxygen e l e c t r o d e  t h a t  had been 
c a t a l y z e d  wi th  40 mg. o f  p la t inum p e r  sq.  cm.  by ou r  au tomat i c  e l e c t r o d e  
p rocess .  I t  was hoped t h i s  c e l l  would show improved performance due 
t o  t h e  increased  c a t a l y s t  l o a d i n g  on t h e  oxygen e l e c t r o d e .  However, 
t h e  e l e c t r i c a l  performance was no b e t t e r  than  ob ta ined  w i t h  s t anda rd  
20 mg. platinum p e r  sq .  cm.  e l e c t r o d e s .  
C e l l  number 8 7  was a r e p e a t  o f  c e l l  number 86 u s i n g  t h e  same 
e l e c t r o d e s  that  had been washed i n  d i s t i l l e d  water b e f o r e  t h e  reasssembly .  
T h i s  c e l l  a l s o  showed no s i g n i f i c a n t  improvement o f  performance a s  
compared t o  s t anda rd  20 mg. plat inum p e r  sq. cm.  e l e c t r o d e s .  
C e l l  number  88 was a tes t  which inc luded  a n  oxygen e l e c t r o d e  o f  
t h e  Huyck f e l t  metal  type  t h a t  had been c a t a l y z e d  w i t h  20 mg. o f  p la t inum 
pe r  sq.  cm. The f e l t  metal  employed was material r ece ived  from NASA 
t h a t  was 0.022" t h i c k ,  and was d e s i g n a t e d  as  15 p e r c e n t  dense  n i c k e l .  
The s u b s t r a t e  was c a t a l y z e d  i n  t h e  normal manner by manual ly  
r e c y c l i n g  a h o t  s o l u t i o n  of  c h l o r o p l a t i n i c  a c i d  through t h e  p l aque  
u n t i l  20 mg. p e r  sq.  cm.  o f  p la t inum was picked up b y ' t h e  porous  n i c k e l  
s t r u c t u r e ,  Performance o f  t h i s  c e l l  i s  shown i n  F i g u r e  3 .  The Huyck 
p laque  e l e c t r o d e s  performed a s  w e l l  a s  o u r  s t a n d a r d  porous  n i c k e l  p laque  
e l e c t r o d e s .  S i m i l a r l y ,  upon r epea ted  c y c l i n g ,  i t  showed a g r a d u a l  
degrada t ion  o f  performance,  The c e l l  was c y c l e d  17 t i m e s ,  d i s sa s sembled ,  
and the e l e c t r o d e s  washed. 
A new c e l l  w a s  assembled w i t h  t h e  washed e l e c t r o d e s  p l u s  a new 
a s b e s t o s  mat, and was d e s i g n a t e d  c e l l  91.  I n i t i a l  c e l l  performance 
was approximately t h e  same l e v e l  a s  c e l l  number 88 when t h e  t e s t  was 
s topped.  On r epea ted  c y c l i n g ,  t h e  performance g r a d u a l l y  degraded.  
T e s t i n g  was s topped a t  t h e  3 9 t h  c y c l e .  F i g u r e  3 a l s o  shows t h e  
Performance of  the  38 th  c y c l e  o f  c e l l  91. 
C e l l  number 89 was a r e p e a t  o f  t h e  t e s t  85 which inc luded  a r e f e r e n c e  
e l e c t r o d e  and t h e  r e s u l t s  ob ta ined  were s imilar  a s  t o  performance o b t a i n e d .  
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Cell  number 90 c o n s i s t e d  o f  a f e l t  metal  e l e c t r o d e  which had been 
ca t a lyzed  t o  40 mg. o f  p la t inum p e r  sq.  cm.  However, t h e  heavy l o a d i n g  
and the  process used r e s u l t e d  i n  a c o n s i d e r a b l e  deg rada t ion  of  t h e  f i b e r  
s t r u c t u r e .  Performance o f  t h i s  c e l l  was worse than  t h e  20 mg. p e r  sq. 
cm. plat inum loading .  
C e l l s  number 92 and 93 were assembled u t i l i z i n g  oxygen e l e c t r o d e s  
purchased from the  American Cyanamid Corpora t i o n .  These were t h e  
s t anda rd  AB-4  t ype  c o n t a i n i n g  9 m i l l i g r a m s  o f  p la t inum p e r  squa re  
cen t ime te r ,  w i t h  t h e  e x c e p t i o n  that t h e  n i c k e l  s u b s t r a t e  s c r e e n  had 
been gold p l a t e d  t o  minimize o x i d a t i o n  and c o r r o s i o n .  C e l l  number 
9 2  conta ined  two 0.030" a s b e s t o s  mats and was cyc led  130 t i m e s  on t h e  
s t anda rd  65 minute  cha rge ,  35 minute  d i s c h a r g e  t e s t  c y c l e .  F i g u r e  4 
shows vo l t age  performance o f  t h e  c e l l  a t  v a r i o u s  c y c l e s .  A s  can  be  
seen  t h e r e  was a g radua l  i n c r e a s e  o f  t h e  cha rg ing  v o l t a g e ,  and a 
dec rease  i n  t h e  d i scha rge  v o l t a g e  a s  t h e  c y c l i n g  cont inued .  The f i n a l  
e l e c t r o l y t e  c o n c e n t r a t i o n  w i t h i n  t h e  a s b e s t o s  m a t  was found t o  be  
between 26.2 and 26.9 p e r c e n t .  Examination o f  t he  c e l l  components 
a f t e r  the c e l l  was d isassembled  r evea led  no obvious  changes i n  t h e  
e l e c t r o d e s .  The gold  p l a t i n g  on t h e  n i c k e l  subsc reen ,  wherever  v i s i b l e ,  
looked impervious and f i r m l y  a t t a c h e d  t o  t h e  s c r e e n -  
Cell number 93 was s imi la r  t o  9 2  w i t h  the e x c e p t i o n  t h a t  one 
2 
l a y e r  of 0.060'' a s b e s t o s  was used and c y c l e d  o n l y  38 times. T h i s  c e l l  
showed good d i s c h a r g e  performance (0.80-0.84 v o l t s  a t  100 m a / c m  ) ,  b u t  
t h e  vo l t age  d u r i n g  cha rge  r o s e  ve ry  r a p i d l y  t o  v a l u e s  a s  h i g h  a s  2.0 
v o l t s .  A s  c y c l i n g  con t inued ,  t he  v o l t a g e  on cha rge  g o t  p r o g r e s s i v e l y  
h i g h e r ,  and t h e  d i s c h a r g e  v o l t a g e  f e l l  o f f  r a p i d l y  towards t h e  end of  
discharge.  The tes t  was t h e r e f o r e  d i s c o n t i n u e d .  KOH c o n c e n t r a t i o n  i n  
the  m a t  was found t o  be 21.8 ,  and 28.4 p e r c e n t  on two samples  e x t r a c t e d  
from the a s b e s t o s  m a t .  
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C e l l  number 94  c o n s i s t e d  of a n  sxygen e l e c t r o d e  t h a t  had been 
p l a t i n i z e d  t o  20 mg. o f  plat inum per  sq. cm.  by a p r o p r i e t a r y  p r o c e s s  
of t h e  Bishop Company. The s u b s t r a t e  of  t h e s e  e l e c t r o d e s  c o n s i s t e d  o f  
porous s i n t e r e d  carbonyl  n i c k e l  p laques  o f  t h e  type  used i n  s t a n d a r d  
EOS electrodes.  T h i s  c e l l  was cyc led  21 t i m e s .  The i n i t i a l  performance 
of  t h e  cel l  was good, d i s c h a r g e  v o l t a g e  be ing  approximate ly  0.82 v o l t s  
2 
(100 m a / c m  ) and charge v o l t a g e  approximate ly  1.6--1.75 v o l t s  
( 5 5  m a / c m  ) . 
t h e  charging v o l t a g e ,  and a d e c r e a s e  i n  t h e  d i s c h a r g e  v o l t a g e  accompanied 
wi th  a s u b s t a n t i a l  f a l l - o f f  i n  d i s c h a r g e  v o l t a g e  a t  t h e  end o f  d i s c h a r g e  
was observed. 
C e l l  number 9 5  c o n s i s t e d  o f  a n  oxygen e l e c t r o d e  t h a t  had been 
2 
However, a s  t h e  c y c l i n g  cont inued  a g r a d u a l  i n c r e a s e  i n  
p l a t i n i z e d  by t h e  Bishop Company t o  40 mg. o f  p la t inum p e r  sq.  cm. 
This  c e l l  a l s o  e x h i b i t e d  good i n i t i a l  performance,  and showed a g r a d u a l  
degrada t ion  o f  both charge  and d i s c h a r g e  v o l t a g e .  However, t h e  i n c r e a s e d  
c a t a l y s t  loading of t h e  e l e c t r o d e  d i d  n o t  improve performance above 
t h a t  obtained w i t h  t h e  20 mg. p la t inum p e r  sq. cm.  l o a d i n g  a s  used i n  
c e l l  number 94. 
C e l l  n u m b e r s  96 and 97 were r e p e a t s  o f  c e l l s  92 and 93, u t i l i z i n g  
the same e l e c t r o d e s  w i t h  f r e s h  a s b e s t o s  mats. Before t h e  t e s t , e a c h  o f  
t h e  e l e c t r o d e s  was washed w i t h  h o t  d i s t i l l e d  water and  d r i e d .  
o b t a i n e d  with c e l l  96 was similar t o  t h a t  o b t a i n e d  w i t h  c e l l  number 9 3 ,  
i .e . ,  t h e  charge v o l t a g e  would r i se  r a p i d l y  t o  l e v e l s  a s  h i g h  a s  2.2 
v o l t s .  
The c e l l  was cyc led  37 t i m e s .  
performance, b u t  g r a d u a l l y  degraded w i t h  c y c l i n g .  
a t  var ious  c y c l e s  i s  shown i n  F i g u r e  5.  
t h e  mat was found t o  be 25.7 p e r c e n t .  
Performance 
Discharge performance was low, r a n g i n g  between 0.5 and 0.7 v o l t s .  
C e l l  number 97 showed good i n i t i a l  
Vol tage  Performance 
The f i n a l  KOH c o n c e n t r a t i o n  i n  
Test r e s u l t s ,  u s i n g  American Cyanamid e l e c t r o d e s ,  i n d i c a t e  t h a t  
performance d e g r a d a t i o n  can occur  even though n i c k e l  i s  n o t  P r e s e n t  
i n  t h e  e lec t rochemica l  r e a c t i o n  zone. S i n c e  t h e s e  e l e c t r o d e s  can 
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a p p a r e n t l y  be r e juvena ted  by a s imple washing p r o c e s s ,  t h i s  i n d i c a t e s  
t h a t  e i t h e r  t h e  a s b e s t o s / e l e c t r o l y t e  i n t e r f a c e  i s  t h e  cause  o f  
performance d e g r a d a t i o n ,  o r  some water s o l u b l e  c a t a l y s t  po ison  i s  
formed which i s  removed by washing. 
t h e  i n i t i a l  premise a p p e a r s  t o  be more l i k e l y .  T h i s  KOH l o s s  f a c t o r  
i s  d e f i n i t e l y  a c c e l e r a t e d  by c y c l i c a l  o p e r a t i o n  and i n d i c a t i o n s  a r e  
t h a t  i nc reas ing  tempera ture  a l s o  a c c e l e r a t e s  t he  l o s s .  T h i s  l o s s  
f a c t o r  w i l l  be  i n v e s t i g a t e d  i n  depth  i n  t h e  nea r  f u t u r e .  
S i n c e  KOH i s  l o s t  d u r i n g  c y c l i n g ,  
3.2 M u l t i c e l l  T e s t i n g  
During t h e  r e p o r t  p e r i o d ,  t he  new i n s u l a t o r  s e p a r a t o r s  
f a b r i c a t e d  from g l a s s  epoxy s h e e t  were r e c e i v e d ,  and a 34 series c e l l ,  
500 wat t  pro to type  was assembled i n c o r p o r a t i n g  t h e s e  s e p a r a t o r s .  
P l a t i n i z e d  porous n i c k e l  p laque  e l e c t r o d e s  o f  the s t a n d a r d  EOS t y p e  
were u t i l i z e d .  The i n t e n t  o f  t h e  assembly was t o  u s e  e x i s t i n g  hardware 
t o  check o u t  t h e  mechanica l ,  thermal  and e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  
o f  t h e  500 w a t t  d e s i g n ,  and t o  debug t h e  r eadou t  i n s t r u m e n t a t i o n .  
T h i s  u n i t ,  d e s i g n a t e d  c e l l  number 1002-34, i n c o r p o r a t e d  S t a i n l e s s  s tee l  
g a s  tanks.  
The c e l l  was p laced  i n  t h e  t es t  chamber,  and p u t  on s t a n d a r d  
c y c l e ,  65 minutes  charge  a t  10 amps, and 35  minu tes  d i s c h a r g e  a t  a 
nominal c u r r e n t  of  17.5 amps. 
t h e  i n i t i a l  c y c l e s .  
t h e  c e l l  v o l t a g e  was observed.  
i n t e r n a l  s h o r t  developed.  I t  was l a t e r  found t h a t  t h e  s h o r t  was between 
t h e  p o s i t i v e  t e r m i n a l  bus and t h e  n e g a t i v e  t ank  w a l l  a t  t h e  i n s u l a t e d  
feed through connec tor  
The c e l l  performed s a t i s f a c t o r i l y  d u r i n g  
However, du r ing  t h e  7 t h  and  8 t h  c y c l e s  a wigg le  i n  
I n  t h e  midd le  o f  t h e  8 t h  d i s c h a r g e ,  a n  
During c y c l i n g ,  s u b s t a n t i a l  t empera tu re  g r a d i e n t s  (d 4 O o C )  
were encountered between t h e  c e l l  s t a c k  and t h e  end o f  t h e  hydrogen t a n k  
where the feed  through was l o c a t e d .  
d i scharge  were l l O ° C  a t  t h e  H 
70' a t  the tank  end. 
T y p i c a l  t empera tu res  d u r i n g  
end o f  t h e  c e l l  s t a c k  and a p p r o x i ~ t e l y  
2 
This tempera ture  g r a d i e n t  a p p a r e n t l y  caused 
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condensa t ion  o f  m o i s t u r e  i n  t h e  cool  end o f  t h e  tank .  The condensed 
I 
t 
w a t e r  a p p a r e n t l y  caused a r c i n g  a t  t h e  copper  bus  r e s u l t i n g  i n  a m e t a l l i c  
s h o r t  from t h e  bus t o  t h e  grounded feed  through connec tor .  
shows d a t a  f o r  s a t u r a t i o n  pressure  of KOH s o l u t i o n s  v s .  t empera ture  
and  c o n c e n t r a t i o n .  It shows t h a t  approximate ly  30 C tempera ture  
d i f f e r e n c e s  can be t o l e r a t e d  wi thout  exceeding t h e  s a t u r a t i o n  p r e s s u r e  
of  t h e  40 p e r c e n t  KOH s o l u t i o n  and w a t e r ,  and t h e r e f o r e  a v o i d i n g  condensa- 
t i o n .  However, s i n c e  a l l  t h e  heat  i s  genera ted  by t h e  c e l l  s t a c k ,  and  
t h e  s t a i n l e s s  s t e e l  t ank  i s  a poor conductor ,  t h e  ra te  of  h e a t  t r a n s f e r  
was such t h a t  t h e  end o f  t h e  hydrogen tank  d i d  n o t  h e a t  up s u f f i c i e n t l y  
d u r i n g  d i s c h a r g e .  
F i g u r e  6 
0 
F i g u r e  7 shows t y p i c a l  v o l t a g e  performance of t h e  u n i t  d u r i n g  
i t s  i n i t i a l  c y c l e s .  S ince  t h e  performance o f  t h e  c e l l  s t a c k  was q u i t e  
good when t h e  s h o r t  developed,  the t a n k s  were disassembled and a new 
i n s u l a t e d  feed through was i n s t a l l e d .  Asbes tos  i n s u l a t i o n  was wrapped 
around t h e  hydrogen end of  t h e  tank i n  a n  a t t e m p t  t o  keep t h e  end h o t  
enough t o  prevent  a d d i t i o n a l  condensat ion.  The u n i t  was subsequent ly  
c y c l e d  through t h e  26th d ischarge .  During t h e  second c y c l i n g  p e r i o d ,  
a d e g r a d a t i o n  i n  d i s c h a r g e  vol tage  was observed s i m i l a r  t o  t h a t  recorded  
i n  p r e v i o u s  s i n g l e  and 6 c e l l  t e s t s .  The d i s c h a r g e  v o l t a g e  d u r i n g  t h e  
i n i t i a l  and end p o r t i o n s  o f  d i scharge  was 10-20 p e r c e n t  lower than  a t  
t h e  mid  p o i n t .  T h i s  performance data i s  a l s o  shown i n  F i g u r e  7. Large 
tempera ture  g r a d i e n t s  were a g a i n  observed between t h e  c e l l  s t a c k  and 
t h e  hydrogen tank  end, and i t  was assumed that a d d i t i o n a l  condensa t ion  
w i t h i n  t h e  u n i t  was o c c u r r i n g  due t o  t h i s  tempera ture  g r a d i e n t .  
Cons ider ing  t h e  gradual  degradat ion of  performance and t h e  s u b s t a n t i a l  
t empera ture  g r a d i e n t  encountered ,  it was dec ided  t o  d i s c o n t i n u e  t h e  
t e s t  and  make m o d i f i c a t i o n s  on the u n i t  t o  e l i m i n a t e  t h e  tempera ture  
problem. 
Examination of  t h e  disassembled u n i t  showed a l l  a s p e c t s  o f  
the i n t e r n a l  components i n  good c o n d i t i o n ,  and d i d  r e v e a l  t h a t  
a d d i t i o n a l  condensa t ion  had taken p l a c e  i n  t h e  end of  t h e  hydrogen tank.  I 
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To de termine  over load  c a p a b i l i t i e s  o f  t h e  u n i t  d u r i n g  t h e  1 2 t h  
d i s c h a r g e ,  v o l t a g e  vs .  c u r r e n t  d a t a  was o b t a i n e d ,  and i s  p resen ted  i n  
F igu re  8. This showed c o n s i d e r a b l e  over load  c a p a b i l i t i e s  w i th  minimal 
p o l a r i z a t i o n s .  Th i s  d a t a  was a l s o  u t i l i z e d  i n  p l o t t i n g  power v s  
c u r r e n t  data which i s  p resen ted  i n  F igu re  9 .  L ine  r e s i s t a n c e  between 
the  c e l l  and the  load  bank l i m i t e d  t h e  maximum c u r r e n t  drawn t o  + =  50 amps. 
I t  i s  be l ieved  t h a t  powers t o  3 2000 watts cou ld  have been ach ieved  
wi th  l a r g e r  s i z e  power l i n e s .  (We are  p r e s e n t l y  u s i n g  No. 8 wire) 
These t es t s  o f  t he  500 w a t t  u n i t  showed t h a t  t h e  mechanica l  
d e s i g n ,  i nc lud ing  compensating be l lows ,  tank volumes, etc.  was p r o p e r ,  
and t h a t  the  u n i t  i s  capab le  of  running  c o n t i n o u s l y  i n  e x c e s s  o f  500 
wat ts ,  and h a s  an ove r load  c a p a b i l i t y  > 2.5 t i m e s  nominal.  
g r a d i e n t  and condensa t ion  problem encountered  can  be  a t t r i b u t e d  
p r i m a r i l y  t o  t h e  poor thermal  c o n d u c t i v i t y  o f  t h e  s t a i n l e s s  s tee l  tank  
used. It is  b e l i e v e d  t h a t  a n  aluminum t a n k ,  such  a s  w i l l  be  used i n  
t h e  f i n a l  d e s i g n ,  would have e l i m i n a t e d  t h e  problem. 
Temperature  
To s t u d y  the  above d i f f i c u l t i e s ,  and t o  o b t a i n  a d d i t i o n a l  
t es t  informat ion  from the  u n i t ,  t h e  u n i t  was r e b u i l t  and d e s i g n a t e d  
s e r i a l  number 1003-34. This u n i t  con ta ined  t h e  same e l e c t r o d e s  t h a t  
were used i n  t h e  p rev ious  u n i t ,  except  t h a t  t h e  b i - p o l a r  p l a t e s  were 
r e v e r s e d ,  i .e. ,  the  o l d  oxygen e l e c t r o d e s  became the hydrogen e l e c t r o d e s ,  
and the old hydrogen e l e c t r o d e s  became t h e  oxygen e l e c t r o d e s .  
exper ience  from s i n g l e  c e l l  tests has shown t h a t  the  d e g r a d a t i o n  i n  
performance occur s  on t h e  oxygen e l e c t r o d e ,  and by  r e v e r s i n g  the 
e l e c t r o d e s ,  recovery  and gaod performance can  be  ob ta ined .  The 
fo l lowing  changes were a l s o  made i n  t h e  new assembly and tes t  set UP* 
P r e v i o u s  
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1. An e l e c t r i c a l  hea t ing  band was p laced  on t h e  end o f  
t he  hydrogen gas  tank. The h e a t e r  was connec ted  t o  a 
Variac f o r  c o n t r o l l i n g  o f  t he  tempera ture  o f  t h e  H end 
tank t o  prevent  l a rge  g r a d i e n t s  and water condensa t ion .  
2. The new asbes tos  mats were impregnated wi th  50 p e r c e n t  
potassium hydroxide t o  d e c r e a s e  vapor  p r e s s u r e ,  and 
f u r t h e r  reduce  p o s s i b i l i t i e s  o f  condensa t ion  w i t h i n  t h e  
g a s  tanks .  
3 .  The p rev ious  uni t  con ta ined  a f i v e  m i l  s t r i p  o f  
t e f l o n  wrapped around t h e  f u e l  c e l l  s t a c k  t o  p reven t  
v i b r a t i o n  s h o r t i n g  of t h e  s t a c k  t o  t h e  wal l s  o f  t h e  
hydrogen tank.  This  con t inouos  s t r i p  was r e p l a c e d  by 
bands o f  g l a s s  t ape  t h a t  were p laced  l o g i t u d i n a l l y  down 
t h e  s t a c k .  This  change was i n c o r p o r a t e d  t o  improve t h e  
conduct ion  o f  h e a t  (gene ra t ed  w i t h i n  t h e  s t a c k  d u r i n g  
d i scha rge )  t o  t h e  ou te r  wal l s  of  t h e  hydrogen tank .  
4 .  The i n t e r n a l  thermocouple t h a t  i s  connected t o  t h e  
hydrogen end p l a t e  was e l e c t r i c a l l y  i n s u l a t e d  from t h a t  
p l a t e  by means o f  a mica washer.  This thermocouple  had 
caused a n  in s t rumen ta t ion  problem due t o  be ing  a t  t h e  
c e l l  s t a c k  p o t e n t i a l .  By i n s u l a t i n g  t h e  couple ,  t h e  
problem was e l imina ted .  
5. To f u r t h e r  reduce t h e  tempera ture  g r a d i e n t  of  t h e  
u n i t ,  t h e  e n t i r e  assembly was i n v e r t e d  such t h a t  t h e  
hydrogen end was up and the oxygen end was down. It 
had been observed i n  the  p rev ious  t e s t  that  s u b s t a n t i a l  
t empera ture  g r a d i e n t s  due  t o  poor c i r c u l a t i o n  e x i s t e d  
w i t h i n  t h e  test  chamber that  was be ing  used t o  c o n t r o l  
ambient  tempera ture  
2 
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The 34 c e l l  u n i t  was placed i n  t h e  oven,  f l u s h e d ,  and c y c l e d  
3 t i m e s  t o  check o u t  i n s t r u m e n t a t i o n  and tempera ture  g r a d i e n t s .  The 
u n i t  was allowed t o  s i t  o v e r n i g h t  a t  open c i r c u i t ,  and t h e  fo l lowing  
morning a cont inuous 72 h o u r  c y c l i n g  t e s t  was i n i t i a t e d .  The t e s t  
regime cons is ted  of t h e  s t a n d a r d  100 minute  c y c l e ,  65 minutes  charge ,  
and 35 minutes d i s c h a r g e .  During t h e  c y c l i n g  a g r a d u a l  d e g r a d a t i o n  i n  
d i s c h a r g e  v o l t a g e  was observed.  T h i s  d e g r a d a t i o n  was s i m i l a r  t o  
performance p r e v i o u s l y  observed ,  and could be a t t r i b u t e d  t o  t h e  g r a d u a l  
o x i d a t i o n  of  t h e  porous n i c k e l  s u b s t r a t e  used on t h e  oxygen e l e c t r o d e .  
The purpose o f  t h e  t e s t  was n o t  t o  o b t a i n  long  term l i f e  d a t a  
s i n c e  t h i s  t y p e  o f  d e g r a d a t i o n  was p r e d i c t a b l e  from p r e v i o u s  d a t a .  
However, s i n c e  t h e s e  t y p e s  of  e l e c t r o d e s  were a v a i l a b l e ,  i t  was deemed 
d e s i r a b l e  t o  assemble t h e  u n i t  and run t h e  e l e c t r i c a l  t e s t s  t o  de te rmine  
i f  any  o ther  d i f f i c u l t i e s  o r  d e f i c i e n c i e s  would become a p p a r e n t .  As ide  
from t h e  gradual  v o l t a g e  decay,  t h e  u n i t  performed s a t i s f a c t o r i l y .  
The temperature g r a d i e n t  problem was c o n s i d e r a b l y  reduced ,  and t y p i c a l  
g r a d i e n t s  between s t a c k  and  t h e  oxygen t a n k  end,  which now e x h i b i t e d  t h e  
lowest  temperature ,  was 80-100 C.  0 
F i g u r e  10 shows performance o f  v a r i o u s  c y c l e s  throughout  t h e  
t es t  period. A t  t h e  complet ion of t h e  72 h o u r  t e s t ,  t h e  u n i t  was 
al lowed to s i t  a t  open c i r c u i t  f o r  approximate ly  t h e  3 h o u r s ,  and t h e n  
a new t e s t  was s t a r t e d  a t  a slow ra te  o f  charge  and d i s c h a r g e .  T h i s  
t es t  c o n s i s t e d  o f  a charge  o f  4 amps t o  500 p s i ,  and t h e n  a d i s c h a r g e  
f o r  1 hour a t  200 wat ts ,  and t h e  remainder  of  t h e  d i s c h a r g e  a t  50 watts 
t o  exhaust ion.  The t es t  was conducted t o  see t h e  e f f e c t s  of  a slow 
c y c l e .  Performance i s  shown i n  F i g u r e  11. 
discharge  t e s t  regime, t h e  u n i t  was c a p a b l e  o f  d e l i v e r i n g  i n  e x c e s s  
of 700 watt  hours .  
On t h i s  slow c h a r g e  
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A f t e r  complet ion of  t h i s  t e s t ,  t h e  u n i t  was put  back on t h e  
100 minute  cyc le ,  35 minutes  d i s c h a r g e ,  65 minutes  charge.  However, 
due t o  t h e  d e g r a d a t i o n  i n  performance t h a t  was observed d u r i n g  t h e  7 2  
hour  t e s t ,  t h e  load  levels  were reduced, and t h e  c h a r g e  was conducted 
a t  4 amps, and t h e  d i s c h a r g e  a t  approximately t h e  200 w a t t  l e v e l .  A t  
t h i s  load  l e v e l ,  t h e  u n i t  was cycled c o n t i n u o u s l y  una t tended  f o r  48 
a d d i t i o n a l  c y c l e s .  During t h a t  per iod ,  t h e r e  was a s l i g h t ,  a lmost  
n e g l i g i b l e  d e c r e a s e  i n  t h e  d ischarge  v o l t a g e .  T h i s  performance can 
be seen i n  F i g u r e  12.  
A t  t h e  start  of t h e  9 5 t h  c h a r g e ,  recorded  d a t a  shows a 
s u b s t a n t i a l  drop i n  t h e  i n t e r n a l  pressure o f  t h e  u n i t  and i n  t h e  
o p e r a t i n g  v o l t a g e .  The d i f f e r e n t i a l  p r e s s u r e  was o f f  scale d u r i n g  t h i s  
p e r i o d ,  and t h e n  dropped t o  0 d i f f e r e n t i a l .  Examination o f  cycle  d a t a  
showed t h a t  s u b s t a n t i a l  d i f f e r e n t i a l  p r e s s u r e s  were r a p i d l y  b u i l t  up 
a t  t h e  start  of each charge ,  and  g r a d u a l l y  reduced a s  t h e  charge  
proceeded. This  magnitude of the  d i f f e r e n t i a l  p r e s s u r e  a p p a r e n t l y  
i n c r e a s e d  g r a d u a l l y  a s  c y c l i n g  proceeded. The d i f f e r e n t i a l  was due t o  
a n  e x c e s s  hydrogen p r e s s u r e ,  causing t h e  be l lows  t o  r e a c h  i t s  f u l l y  
extended p o s i t i o n .  Recorded temperature  d a t a  d u r i n g  t h e  drop-off  
i n  p r e s s u r e  p o i n t  showed a s u b s t a n t i a l  r i s e  i n  i n t e r n a l  tempera ture  
o f  t h e  u n i t .  
Due t o  t h i s  d i f f i c u l t y ,  t h e  t e s t  was s topped ,  t h e  u n i t  
d i sassembled  and examined. Examination o f  t h e  i n t e r n a l  components 
r e v e a l e d  t h a t  t h e  e x c e s s i v e  d i f f e r e n t i a l  p r e s s u r e  had r e s u l t e d  i n  t h e  
s p l i t t i n g  of  one of t h e  welded seams on t h e  bel lows.  
i n  g a s  mixing and chemica l ly  recombination i n  t h e  oxygen compartment. 
The hydrogen compartment was p e r f e c t l y  c l e a n  w h i l e  t h e  0 
e x t e r n a l  s u r f a c e s  of  t h e  be l lows  were oxid ized .  I n  a d d i t i o n ,  t h e  
oxygen t a n k ,  d i r e c t l y  o p p o s i t e  the r i p  i n  t h e  be l lows ,  e x h i b i t e d  a 
h i g h l y  h e a t e d  zone i n d i c a t i n g  t h a t  t h i s  was t h e  p o i n t  O f  h igh  tempera- 
t u r e  recombination. 
T h i s  r e s u l t e d  
tank  and 2 
4 1 10 -QL - 5 
- ~~ 
I I 1 1 1 I I I I I 
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A l l  o t h e r  a s p e c t s  o f  the u n i t  were i n  e x c e l l e n t  c o n d i t i o n .  
The f u e l  c e l l  s t a c k  was c l e a n ,  a n d  showed no obvious e f f e c t s  o f  t h e  
chemica 1 r e a c t  ion .  
The cause  o f  t h e  gradual  bu i ld-up  i n  hydrogen d i f f e r e n t i a l  
p r e s s u r e  w i t h  c y c l i n g  was n o t  r e a d i l y  a p p a r e n t .  It could  have been 
caused by a slow oxygen l e a k  i n  t h e  tankage. However, p r e s s u r e  t e s t i n g  
of  t h e  tankage p r i o r  t o  t h e  disassembly d i d  n o t  reveal any  leakage .  
Another  p o s s i b l e  e x p l a n a t i o n  could b e  some i r r e v e r s i b l e  combination o f  
oxygen w i t h  t h e  porous n i c k e l  e l e c t r o d e s ,  o r  any  o f  t h e  m a t e r i a l s  i n  
t h e  oxygen s i d e  o f  t h e  system. 
3 . 3  Asbes tos  S t u d i e s  
To o b t a i n  a b e t t e r  understanding o f  t h e  composi t ion o f  t h e  
a s b e s t o s  material, and t o  determine what chemical  changes occur  w i t h i n  
t h e  m a t e r i a l ,  samples were submitted t o  o u t s i d e  t e s t i n g  l a b o r a t o r i e s  
f o r  a s e m i - q u a n t i t a t i v e  spec t rographic  a n a l y s i s  
Two d i f f e r e n t  l a b o r a t o r i e s  were used due t o  some q u e s t i o n s  
concern ing  t h e  r e s u l t s  o b t a i n e d  from t h e  f i r s t  l a b o r a t o r y .  
submissions c o n s i s t e d  o f  three d i f f e r e n t  samples ( a )  t h e  p u r e  a s b e s t o s  
m a t e r i a l ,  (b) a s b e s t o s  from a used m a t  a d j a c e n t  t o  t h e  oxygen e l e c t r o d e ,  
and ( c )  a s b e s t o s  from a used mat a d j a c e n t  t o  t h e  hydrogen e l e c t r o d e .  
The f i r s t  r e s u l t s  a r e  shown on Table 2. T h i s  d a t a  i s  p r e s e n t e d  a s  a 
weight  r a t i o  compared t o  magnesium i n  o r d e r  t o  make i t  easier  f o r  
r e l a t i v e  comparisons.  
on a percentage  b a s i s ,  and can be mis leading  s i n c e  difr-,,nt: t o t a l  
q u a n t i t i e s  reduce t h e  r e l a t i v e  percentages.  
i s  p r e s e n t e d  i n  Appendix I. 
The f i r s t  
A c t u a l  d a t a  from t h e  l a b o r a t o r i e s  i s  r e p o r t e d  
The a c t u a l  d a t a  obta ined  
Table  3 shows t h e  second set  of d a t a  on f o u r  samples a l s o  on 
t h e  b a s i s  of a r a t i o  t o  magnesium content .  
4 1 10 -QL- 5 27 
Magnesium 




A l u m i n u m  








S t r o n  t i u m  
C h romium 
TABLE 2 
ASBESTOS SPECTROGRAPHIC ANALYSIS 
P u r e  
Mater ia l  
1 .oo 
.86 
N i l  
.00153 
.0027 






N i l  
N i  1 
N i  1 
N i l  
.000023 
Sample 

















.OOOO 1 7  
Sample 
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Ma gne s i u m  





I r o n  
P l a  t inum 
Ca l c  ium 
Va na d ium 
Copper 
Sodium 
Nicke l  
Chromium 
TABLE 3 
ASBESTOS SPECTROGRAPHIC ANALYSIS 
Pure 
SamP l e  
1 .oo 
1 .17  







N i l  
N i  1 




Mater ia l  
















Adjacent  t o  
















Adjacent  t o  
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4. CONCLUSIONS 
The success fu l  c y c l i n g  o f  the 34 c e l l  500 w a t t  u n i t  h a s  demonstrated 
t h e  f e a s i b i l i t y  o f  a 34 s e r i e s  c e l l  dev ice .  Once a g a i n  t h e  major  area 
of  d e f i c i e n c y  and performance appea r s  t o  be the  oxygen e l e c t r o d e .  
Th i s  f a c t o r  w i l l  be  e x t e n s i v e l y  i n v e s t i g a t e d  and d u r i n g  t h e  n e x t  
q u a r t e r .  S ingle  c e l l  t es t s  r e su l t s  p o i n t  t o  t h e  p o s s i b i l i t y  o f  
u t i l i z i n g  American Cyanamid e l e c t r o d e s  w i t h  minor m o d i f i c a t i o n s  a s  a 
s o l u t i o n  t o  t h e  l i m i t a t i o n s  o f  e x i s t i n g  oxygen e l e c t r o d e s .  
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5. REVISION OF PROGRAM 
During t h e  e a r l y  p a r t  o f  t h i s  q u a r t e r  i t  became a p p a r e n t  t h a t  c y c l e  
l i f e  o f  t h e  H / O  
e l e c t r o d e s  and/or  a s b e s t o s  ma t r i ces .  The re fo re ,  i n  the b e s t  i n t e r e s t s  
o f  deve loping  a long  term dev ice  having a h i g h  watt hour  p e r  pound 
c a p a b i l i t y ,  i t  was deemed necessary  t o  i n v e s t i g a t e  t h e  c a u s e s  o f  
d e g r a d a t i o n  p r i o r  t o  complet ing hardware development. Approval  f o r  
t h i s  program r e v i s i o n  was obta ined  d u r i n g  t h e  l a s t  week o f  the q u a r t e r .  
secondary b a t t e r y  i s  l i m i t e d  by d e g r a d a t i o n  of  t h e  
2 2  
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6 .  PLANS FOR THE NEXT PERIOD 
Sing le  c e l l  t e s t s  w i l l  be  conducted t o  e v a l u a t e  i n  dep th  t h e  
fol lowing oxygen e l e c t r o d e s :  
1. American Cyanamid e l e c t r o d e s .  
2. Porous n i c k e l  p l aques  that have been go ld  coa ted  p r i o r  t o  
p l a t  i n i z a  t ion.  
. 3 .  F e l t  metal n i c k e l  p l aques  that have been gold c o a t e d  p r i o r  
t o  p l a t  i n i z a t i o n .  
4 .  Non s i n t e r e d  t e f l o n ,  p la t inum b l a c k  e l e c t r o d e s .  
When one o f  t h e  above type  e l e c t r o d e  s t r u c t u r e s  l ooks  promising and 
c y c l e s  cont inuous ly  f o r  100 hour s ,  t h i s  type s t r u c t u r e  w i l l  be  
inco rpora t ed  i n  a s i x  c e l l  u n i t  and s u b j e c t e d  t o  long t e r m  c y c l i n g .  
Add i t iona l  s i n g l e  c e l l  t es t  s t a t i o n s  w i t h  a p p r o p r i a t e  i n s t r u m e n t a t i o n  
w i l l  be  assembled and b u i l t  t o  e n a b l e  conduc t ing  of  a g r e a t e r  number 
of  t es t s  s imul taneous ly .  Two t es t  s t a t i o n s  w i t h  i n s t r u m e n t a t i o n  f o r  
6 c e l l  a s sembl i e s  w i l l  a l s o  be  added d u r i n g  the pe r iod .  
Asbes tos  s t u d i e s  t o  evaluate chemical  a n d / o r  e l e c t r o c h e m i c a l  
r e a c t i o n s  t h a t  occur  between t h e  a s b e s t o s  and e l e c t r o l y t e  w i l l  b e  
i n i t i a t e d .  
a d v i c e  to  u s  on t h i s  s u b j e c t ,  and i s  c o o p e r a t i n g  i n  a commendable 
manner. 
The Johns  Manvi l le  C o r p o r a t i o n  h a s  been generous  i n  t h e i r  
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APPENDIX 
Actual Spectrographic Analysis on a Percentage Basis o f  Asbestos Samples 
Se r i e s  1 
S i l i c o n  
Magnesium 
Po ta  s s i  um 
Boron 
Manganese 
A 1 um i n  um 
I r o n  
Platinum 
Calcium 





S t ro n t i um 
C h rom i um 
S e r i e s  2 .  
Potassium 
Ma gne s i u m  
S i l i c o n  
I r o n  
C a l c i u m  
Ma nganes e 




Mater ia l  
24. 
28. 








n i l  
n i l  
n i  1 
n i l  
n i  1 
0.00065 
P u r e  
Mater ia l  
with KOH 













Adjacent to  Hydrogen 
13. 
24. 













t r a c e  
Sample 







































Mater ia l  
Not detected 










A 1 um i n  um 
Va  na d ium 
t r a c e  n o t  




Copper 0.0046 0.0046 
Sod i urn 0.083 0.44 
Nickel  n o t  0.0047 
d e t e c t e d  
less than 
0.0005 




e lemen t s n i  1 n i  1 
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0.010 no t  
I d e t e c t e d  l e s s  than 0.01 
0.010 0.11 
0 .oo 1 2  n o t  
d e t e c t e d  
less  than 
0.001 
0 .OO 13 0.0097 
0.62 n o t  
d e t e c t e d  
l e s s  than 
0.04 
0.13 0.0073 
t r a c e  t r a c e  
less  than 
0.0005 
n i l  n i l  
7 .  FINANCIAL STATEMENT 
Manhours and d o l l a r  expendi ture  f o r  t he  pe r iod  August 27  through 
October 1, 1965 were a s  fol lows:  
D i r e c t  Labor H o u r s  700.5 
D i r e c t  Labor D o l l a r s  $3,264.74 
Purchases  and Commitments - 397.11" 
T o t a l  D o l l a r  Expenditure 88,290.66 
* Represents  c r e d i t  due t o  c a n c e l l a t i o n  of  commitment f o r  i n s u l a t o r  
s e p a r a t o r s  from W .  Shamban, Inc.  
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